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ABSTRACT 
In most natural habitats fish face both acute and chronic changes 
of ambient temperature. The whole body of most fish species is 
ectothermic, i.e. in equilibrium with environmental temperature. 
The rate of the body functions and energy metabolism of fish 
change according to temperature, and changing temperature 
requires thermal resistance and/or physiological plasticity of 
cells and tissues in order to ensure animal survival.  
During long-term temperature changes, many fish can 
acclimate to new conditions by adjusting their physiological 
mechanisms to better suit the new conditions. One of the vital 
functions that must be maintained regardless of temperature is 
circulation of the blood that supplies oxygen and nutrients to 
tissues, according to their metabolic demands. Thus cardiac 
output, determined by stroke volume and heart rate, must be 
regulated in a temperature-dependent manner in order to 
satisfy the requirements of the body. Heart rate is strongly 
modified by temperature, and the duration of the cardiac action 
potential must be adjusted to heart rate to allow enough time for 
diastolic filling of the heart.  
Cardiac action potential is formed by elaborated co-operation 
of the plasma membrane ion channels of cardiac myocytes. 
Potassium channels have a particularly important role in the 
regulation of action potential duration and the maintenance of 
the negative resting membrane potential. In this study, the 
thermal dependence of two main potassium currents in the fish 
heart, the inward rectifier potassium current (IK1) and the 
delayed rectifier potassium current (IK), were studied. 
IK1 is involved in the late phase 3 repolarization of action 
potential and stabilization of RMP. In the mammalian heart, the 
IK1 current is formed by Kir2.1-2.3 channels, whereas Kir2.1, -2.2 
and -2.5 are expressed in the fish heart. In cold-acclimation, the 
density of the IK1 increased in the crucian carp and decreased in 
the rainbow trout heart. These changes were achieved by 
changing the Kir2 subunit composition rather than the number 
of channels in the plasma membrane. The expression of Kir2.2 
  
 
was enhanced in warm-acclimation whereas Kir2.5 expression 
was induced in sustained cold. Kir2.5 was not found in the 
rainbow trout heart, suggesting that the absence of the cold-
inducible Kir2.5 subunit is the reason for the decreased IK1 
current in the cold-acclimated rainbow trout heart. The down-
regulation of IK1 may have an important physiological function 
in cold-acclimated rainbow trout, because it increases the 
excitability of cardiac myocytes and thus ensures action 
potential generation, even at high frequencies. 
IK is involved in the repolarization of action potential and 
plays a major role in the regulation of action potential duration. 
In mammals, IK is formed by ultrarapid (IKur), rapid (IKr) and 
slow (IKs) components. Two of them, IKr and IKs, are expressed in 
the fish heart. The density of IKr increased in cold-acclimated 
rainbow trout to compensate for the action potential duration-
elongating effect of cold temperatures. IKr was up-regulated by 
increasing the density of the Kv11.1 channels in the plasma 
membrane and by partial temperature independence of the 
Kv11.1 channel function. By contrast, the density of the IKs 
current was not changed by thermal acclimation, indicating that 
it is not involved in the long-term thermal plasticity of the fish 
cardiac function. In the fish heart, IKs current was found to be 
formed by the Kv7.1 channel alone, without the co-assembly of 
the accessory MinK β-subunit that is crucial for mammalian IKs. 
The coassembly of MinK slows down the activation kinetics of 
the Kv7.1 channel considerably, and thus the absence of MinK 
may be a prerequisite for the proper functioning of the Kv7.1 
channels in ectothermic animals living in cold conditions. 
The present study shows that potassium channels have an 
important role in the thermal plasticity of electrical excitability 
in the fish heart. One novel potassium channel gene (ccKir2.5) for 
vertebrate animals was cloned and characterized, and several 
novel mechanisms for temperature-dependent regulation of 
potassium channel function were described. Interesting 
differences were found between mammalian and fish potassium 
channel compositions, which may be related to differences in 
body temperatures between these vertebrate groups.  
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1. Introduction 
1.1 THERMAL TOLERANCE OF FISH 
Nearly all inhabitable environments in the world face short-term 
or long-term fluctuations in temperature. Only some specialized 
habitats, such as deep regions of the seas and Antarctic marine 
environments, have relatively constant temperatures (Campbell 
et al. 2008). In such thermally stable environments ectothermic 
animals, like fish, are practically homeothermic, i.e. they have a 
constant body temperature. However, in most habitats 
temperature varies and temperature changes cause body 
temperatures and the rate of the body functions of ectothermic 
fish to fluctuate in synchrony with the ambient temperature. In 
northern conditions at the latitude of Joensuu (61´), seasonal 
changes in water temperature may be as much as 25 °C, ranging 
from zero during the winter to about 25 °C during the summer 
months. Major changes in ambient temperature require thermal 
resistance and/or plasticity of body functions in ectothermic 
animals.  
Fish species are adapted to different thermal regimes and 
therefore show different thermal tolerances. All fish species that 
live in northern temperate latitudes tolerate near-zero 
temperatures, but the upper limit of thermal tolerance varies 
considerably (Beitinger & Bennett 2000). Species like burbot 
(Lota lota) are capable of surviving only within a relatively 
narrow temperature range and are called stenothermic (Bernard 
et al. 1993), whereas species like crucian carp (Carassius 
carassius), which can tolerate a wide range of ambient 
temperature (0-36ºC), are called eurythermic (Horoszewicz 
1973). Between these two extremes there are mesothermic 
animals, such as rainbow trout (Oncorhynchus mykiss), which 
have a moderate thermal tolerance range (Currie et al. 1998). 
These are, however, sliding concepts, and species with different 
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thermal tolerances fall into different regions of the stenotherm to 
eurytherm spectrum. Moreover, the classification criteria 
determines the thermal tolerance of the species, e.g. rainbow 
trout can be considered stenothermic, because they reproduce 
only in relatively cold water (under 15 °C) (Hokanson 1977) or 
mesothermic because their thermal tolerance range is fairly wide 
(0-25 °C) (Currie et al. 1998). The ability of animals to withstand 
environmental temperature changes is mainly genetic 
(evolutionary thermal adaptation), but is further broadened by 
the capability to modify physiological functions during 
acclimation/acclimatization (phenotypic plasticity) (Hazel & 
Prosser 1974, Bennet 1984).  
Phenotypic plasticity signifies the ability of a certain 
genotype to produce variable phenotypes depending on 
environmental conditions, i.e. in thermal biology to change the 
rate of body physiological functions within days or weeks to 
better correspond to the new thermal conditions. This is often 
achieved by expressing proteins that function better in those 
conditions or changing the amount of proteins or the milieu in 
which the proteins function (Somero 1995, Johnston & Temple 
2002, Somero 2004, Vornanen et al. 2005). However, the 
genotype of the animal sets ultimate limits to phenotypic 
plasticity and determines the molecular mechanisms by which 
these limits will be achieved. The whole genome duplication of 
fish about 350 million years ago provided new genetic material 
that might have played a role in the thermal adaptation of fish 
by enabling specialization of the duplicated genes for novel 
functions and by increasing the number of protein isoforms 
(Christoffels et al. 2004, Hoegg et al. 2004, Vandepoele et al. 
2004). The thermal plasticity of a given fish species is dependent 
on its evolutionary history, which determines the genotype of 
the animal. For example, species living in a thermally stable 
environment are unable to acclimate even to modest 
temperature changes, because as a consequence of depletion of 
genetic resources they are unable to alter their gene expression 
(for a review see Somero 2005).  
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The physiological mechanisms of animals acclimating to 
sustained temperature changes usually attempt to compensate 
for the effect of temperature on the rate of basic body functions 
such as energy metabolism, neuronal impulse conduction, 
muscle contraction and cardiac function (Rome et al. 1984, 
Driedzic et al. 1996, Aho & Vornanen 1999). With these 
measures the activity level of the animal can be kept more 
constant in changing thermal conditions. In energetically 
unfavorable conditions, an entirely different acclimation 
strategy called inverse acclimation is usually a better way to 
cope with harsh environmental conditions. During inverse 
acclimation animals actively intensify the negative effect of low 
temperature on the rate of body functions, leading to metabolic 
reduction and energy saving in unfavorable environmental 
conditions such as low temperature, hypoxia and food 
deprivation (Crawshaw 1984, Vornanen 1994, Lewis & Driedzic 
2007, Campbell et al. 2008). 
1.2 FISH HEART 
The function of the heart is to deliver oxygen and nutrients to 
different tissues of the body according to their energetic 
demands. Fish have a single circuit of blood, where the blood 
expelled by the ventricle first travels to the gills for oxygenation 
and then passes to all other parts of the body. The heart of 
teleost fishes is composed of four compartments: the sinus 
venosus, the atrium, the ventricle and the bulbus arteriosus 
(Satchell 2008). Oxygen-poor venous blood returns via the 
paired ducts of Cuvier and the hepatic veins to the sinus 
venosus, a thin-walled sac that collects blood before it enters the 
atrium (Santer 1985, Satchell 2008). The atrium is a thin-walled 
muscular chamber through which the blood enters the thicker-
walled ventricle and further to the bulbus arteriosus – an elastic 
sac which stabilizes blood pressure and connects the ventricle to 
the ventral aorta, which conveys blood to the gills (Santer 1985, 
Olson & Farrell 2006). Three pairs of valves, sino-atrial, atrio-
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ventricular and bulbo-ventricular valves, prevent the backward 
flow of blood during the cardiac cycle.  
1.3 ACTION POTENTIAL OF CARDIAC MYOCYTES 
Continuous circulation of the blood is maintained by rhythmic 
contractions and relaxations of the muscular cardiac chambers. 
Sequential contractions of atrial and ventricular muscles propel 
the blood to the bulbus arteriosus and further through the 
ventral aorta into the gills and from the gills via the dorsal aorta 
to all other parts of the body (Santer 1985). Each cardiac cycle is 
initiated by a cardiac action potential, a transient (0.5-3.0 s) 
change in the membrane potential of cardiac myocytes from 
about -80 mV to about 0 mV (Haverinen & Vornanen 2009).  
The origin of the cardiac action potential is in the sinoatrial 
pacemaker, where the spontaneous cycling of electrical activity 
is maintained by the activity of various sarcolemmal K+, Ca2+ 
and Na+ channels of the specialized pacemaker cells (Irisawa et 
al. 1993). From the pacemaker tissue of the sinoatrial junction 
(Yamauchi et al. 1973, Haverinen & Vornanen 2007), the change 
of membrane potential rapidly spreads to all atrial myocytes 
through the gap junctions that connect the cells, allowing 
synchronous contraction of all atrial myocytes (for a review see 
Rohr 2004). The heart of teleost fish lacks the histologically 
recognizable nodal structures and conduction pathways 
between the atrium and the ventricle that are characteristic of 
action potential conduction in the mammalian heart (Arbel et al. 
1977, Sedmera et al. 2003). Although no histological conduction 
pathways have yet been found in the fish heart, a functionally 
separable conduction pathway clearly exists (Chi et al. 2008). 
From the atrial cells, action potential spreads through the atrio-
ventricular canal, which has an important role in creating a 
delay between the atrial and ventricular contractions, which is 
important for the proper filling of the ventricle with blood 
(Sedmera et al. 2003). Then action potential spreads through a 
ventricular trabeculae, a structure forming direct myocardial 
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continuity between the atrioventricular canal and the apex of 
the ventricle, to the ventricular apex, where the ventricular 
contraction starts (Sedmera et al. 2003). In cardiac myocytes, 
depolarization of the membrane potential during action 
potential opens the voltage-gated Ca2+ channels, leading to a 
transient increase in sytoplasmic free Ca2+ concentration, which 
elicits contraction of the myofilaments (Bers 2000). The complex 
sequence of events connecting electrical excitation of the 
sarcolemma to contraction of the myofilaments is called 
excitation-contraction (EC) coupling.  
A characteristic feature of the action potential of the 
vertebrate heart is the long plateau phase, which may last 
almost 3 s in the ventricle of the fish heart (Paajanen & 
Vornanen 2004). The long action potential duration is necessary 
to regulate the force of contraction and to prevent premature 
excitations. The action potential waveform is achieved by the 
delicate co-operation of depolarizing (inward) and repolarizing 
(outward) ion currents. Depolarization is mainly achieved by 
the inward flow of Na+ and Ca2+ ions, whereas repolarization is a 
consequence of the outward flow of K+ ions (Hodgkin & Huxley 
1952, Katz 1992).  
Cardiac action potential can be divided into five distinct 
phases (0-4), which are produced by serial opening and closing 
of Na+, K+, Ca2+ and Cl- specific ion channels (for reviews see 
Roden et al. 2002, Nerbonne & Kass 2005) (Fig. 1). Rapid 
depolarization of the plasma membrane (phase 0) is achieved by 
the Na+ current (INa) through opened Na+ channels. The rapid 
repolarization (phase 1) is achieved by transient outward 
current (Ito) when K+ ions flow outward and Cl- ions inward. 
However, this phase is poorly developed in the fish heart and is 
hardly detectable. During the so-called plateau phase (phase 2), 
the depolarization of the plasma membrane is maintained by the 
balance between inward flow of Ca2+ through L-type Ca 
channels (ICa, L) and outward flow of K+ through potassium 
channels (IKr and IKs). The closing of L-type Ca channels initiates 
the repolarization phase (phase 3), during which K+ ions leave 
the cell through potassium channels (IKr, IKs and IK1) and 
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repolarize the plasma membrane. When the membrane potential 
is restored to about -80 mV, the channels responsible for IKr and 
IKs currents close, while the IK1 current remains and stabilizes the 
membrane potential to about -80 mV (phase 4).  
In conclusion, the function of Na+ current is to depolarize the 
membrane potential, while Ca2+ current helps to maintain the 
depolarization during the long plateau phase and K+ channels 
repolarize the membrane potential, regulating action potential 
duration and stabilizing the resting membrane potential.  
 
 
Figure 1. Action potential waveform of the rainbow trout ventricular myocyte 
depicting different phases of cardiac action potential marked. Action potential begins 
when Na+ flows into the cell mediating the rapid depolarization (phase 0). Immediately 
after the depolarization a transient outward current (Ito), produced by an inward flow 
of Cl- and an outward flow of K+ ions, generates rapid repolarization (phase 1). Phase 1 
is poorly developed in fish with minor effect on action potential shape. During the 
plateau phase (phase 2), depolarization of the plasma membrane is maintained by a 
balance between influx of Ca2+ and efflux of K+. The final repolarization (phase 3) is 
achieved in fish by three K+ currents, IKr, IKs and IK1. The resting membrane potential 
(phase 4) is maintained by the IK1 current, which compensates for the depolarizing 
effect of ion leakage through plasma membrane. 
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1.4 POTASSIUM CHANNELS 
Potassium channels, like all other ion channels are integral 
membrane proteins that form ion selective aqueous pores in the 
plasma membrane. Ions flow passively through these channels 
according to the electrochemical gradient and generate channel-
specific ion currents. The ion flow through the channel is 
regulated by opening and closing of the channel pore, which is 
achieved either by voltage-dependent or ligand-activated 
conformational changes of the protein called gating, or by 
blocking/unblocking of the channel with intra- or extracellular 
compounds like polyamines. 
Potassium channels are found in practically all living cells 
including bacteria, yeast, plants and all animal cells (for reviews 
see Jan & Jan 1997, Anderson & Greenberg 2001, Véry & 
Sentenac 2002, Lebaudy et al. 2007). Potassium channels are the 
most variable ion channel group; for example, the human 
genome contains about 80 and that of the nematode 
Caenorhabditis elegans approximately 70 potassium channel 
subunit genes (Salkoff et al. 2005). The diversity of functional 
potassium channels is further enlarged by the co-assembly of 
different channel subunits, mRNA processing and covalent 
modification of the channels. 
Different pore-forming α-subunits can co-assemble, 
producing heteromeric channels with entirely different 
properties than those of any of the homotetramers (Isacoff et al. 
1990, Ruppersberg et al. 1990, Wimmers et al. 2002, Zobel et al. 
2003). Some potassium channel α-subunits bind to β-subunits or 
other accessory proteins, which can greatly influence the 
kinetics and pharmacological properties of the current (Babenko 
et al. 1998, Pongs et al. 1999, McCrossan & Abbott 2004, Tanaka 
et al. 2004). Furthermore, the mRNAs of many potassium 
channel genes are alternatively spliced during mRNA 
processing, leading to the formation of several distinct proteins 
from one gene (for a review see Shipston 2001). Moreover, post-
translational modification via phosphorylation (for a review see 
Park et al. 2007) and glycosylation (Freeman et al. 2000, 
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Watanabe et al. 2003) of the channel proteins can affect the 
properties of potassium currents.  
The broad diversity of potassium channels forms the basis for 
the wide spectrum of cellular functions that K+ channels serve in 
the animal body. They are involved in many gastrointestinal 
functions, such as the acid secretion of parietal cells and the 
secretory and reabsorptive processes in colonic epithelia cells 
(for a review see Heitzmann & Warth 2008), the formation of 
endolymph in the inner ear (Bleich & Warth 2000) and the 
electrical activity of neurons (Hodgkin & Huxley 1952) and 
muscle cells (Katz 1949).  
Previously, potassium-selective channels were classified 
according to their pharmacological and physiological properties, 
but nowadays the grouping is based on the channel structure. 
The group of potassium-selective ion channels contains four 
distinct families: voltage-gated (Kv), Ca2+-activated (KCa), inward 
rectifying (Kir) and two-pore (K2P) families (Gutman et al. 2005) 
(Table 1). The primary criterion for classification is the number 
of transmembrane (TM) domains of the pore-forming α-
subunits. Kir channels have two, K2P channels four and Kv and 
KCa channels six or seven membrane-spanning α-helices (Fig. 2). 
Functional potassium channels are formed from four pore-
forming domains that join together, so that a narrow ion 
selective pore forms in the middle of them. The subunits of Kv, 
KCa and Kir channel families contain only one pore-forming 
domain, and thus four subunits are needed to form a functional 
channel. The K2P subunits contain two pore-forming domains, 
and consequently only two subunits are needed to form a 
functional channel.  
The pore-forming loop of all the α-subunits, regardless of the 
potassium channel family, contains a potassium channel 
signature sequence [(T/S)xxTxG(Y/F)G], which forms the K+ 
selectivity filter of the channel pore. The intracellular part of the 
ion-conducting pore is broad and binds a large number of water 
molecules that interact with positively charged potassium ions 
when they enter the channel vestibule. In the vicinity of the 
selectivity filter, potassium ions are stripped off the water 
21 
 
molecules and interact with the carbonyl oxygens of the 
selectivity filter (for a review see Yellen 2002). In the selectivity 
filter, each K+ ion is surrounded by eight oxygen atoms of the 
amino acid residues that form the ion filter. The distance 
between these oxygen atoms is such that it allows interaction 
only with K+ ions but not with the smaller Na+ or other ions, 
which differ in hydrated radius from potassium ions. This 
interaction between oxygen atoms and potassium ions forms the 
basis for K+ selectivity of the channels. 
1.4.1 Kir channels 
The Kir channel family contains 7 subfamilies (Kir1-7), including 
15 members in mammalian species (Table 1). Kir channels have 
 
 
 
 
Figure 2. Schematic presentation of the membrane topology of the four basic types of 
potassium channels. Members of the Kir channel family contain two transmembrane 
(TM) α-helices and one pore-forming loop (P) (top left). K2P subunits are unique, 
containing two P-loops and four TM α-helices (bottom left). The subunits of the Kv 
and KCa families consist either of 6 (top right) or 7 (top bottom) TM α-helices and one 
P-loop. Subunits containing 7 TM α-helices have an extracellular N-terminus, which 
is a unique feature among the K+ channel subunits. 
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two main physiological roles: they stabilize the resting 
membrane potential near the K+ equilibrium potential and they 
are involved in K+ transport across membranes (Doupnik et al. 
1995, Nichols & Lopatin 1997, Reimann & Ashcroft 1999).  
Kir channels are inward rectifiers, which means that at any 
given driving force, the influx of potassium ions is greater than 
the outflux at the opposite driving force: they pass current more 
easily in the inward than the outward direction (Nichols & 
Lopatin 1997). It should be noted, however, that in cardiac 
myocytes it is the small outward current through Kir channels 
that is physiologically more important. Kir channels do not have 
intrinsic gates, but they are plugged in a voltage-dependent 
manner by intracellular polyamines (Fakler et al. 1994, Lopatin 
et al. 1994) and Mg2+ ions (Matsuda et al. 1987). The structures of 
the bacterial KirBac3.1 and KirBac1.1 channels have been 
determined by electron crystallography (Kuo et al. 2003, Kuo et 
al. 2005), and this has widely extended our knowledge about the 
potassium channel structure and gating mechanism. 
1.4.2 K2P channels 
The K2P channel family comprises 15 members in mammals 
(Goldstein et al. 2005) (Table 1). The K2P channels are designated 
as background K+ channels and are expected to play a major role 
in setting the resting membrane potential in many cell types 
(Lesage & Lazdunski 2000). They are active at rest and stabilize 
the membrane potential below the firing threshold, restraining 
depolarization in excitable cells (Plant et al. 2005). Thus they 
play an important role in the regulation of cellular excitability. 
Several K2P channels, the main ones being K2P2.1 (or TREK-1, 
encoded by KCNK2) and K2P3.1 (or TASK-1, encoded by 
KCNK3), are expressed in the heart and it is suggested that they 
contribute to the cardiac background current (for a review see 
Gurney & Manoury 2009). They are regulated by stretch, 
polyunsaturated fatty acids, pH and neurotransmitters, and it is  
thus supposed that they are involved in the regulation of cardiac 
action potential duration.  
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1.4.3 Kv channels 
The Kv channels form the largest potassium channel family, 
which is divided into 12 subfamilies (Kv1-12) and consists of a 
total of some 40 members (Gutman et al. 2005) (Table 1). The Kv 
channels are an exceedingly diverse group of channels, as a 
result of heteromultimerization, alternative splicing, post-
translational modification and the co-assembly of accessory 
proteins and modifier subunits (Gutman et al. 2005). Four of the 
Kv subfamilies (Kv5, -6, -8 and -9) are called modifiers. They 
encode α-subunits that are not capable of forming functional 
channels alone, but when combined with Kv2 α-subunits as 
heterotetramers, they modify the function of the Kv2 channels.  
The Kv channels are broadly expressed and involved in 
diverse physiological functions, including modulation of 
electrical excitability in neurons and muscles (for a review see 
Gutman et al. 2005). The S4 membrane-spanning helix contains 
positively charged amino acids in every third position. These 
positive charges are influenced by changes in membrane 
potential leading to conformational changes and channel gating 
(Aggarwal & MacKinnon 1996, Fedida & Hesketh 2001). Thus, 
positive charges of the S4 domain are mostly, although not 
solely, responsible for gating charge movement and therefore 
voltage-dependent gating of the Kv channels (Seoh et al. 1996). 
 
1.4.4 KCa channels 
The KCa channel family is small, with only 8 members (Table 1). 
KCa channels are activated by low concentrations of intracellular 
Ca2+ and they are voltage-insensitive, with the exception of 
KCa1.1, which is activated both by voltage and by cytosolic Ca2+ 
(Wei et al. 2005). KCa channels do not bind Ca2+ directly but via a 
Ca2+ acceptor molecule, calmodulin, which is constitutively 
attached to the C-terminal region of the KCa channels (Xia et al. 
1998). The binding of Ca2+ to calmodulin leads to the 
conformational changes that are responsible for channel gating 
(Schumacher et al. 2001).  
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Table 1. Potassium channel families and their members in mammalian species. The 
channel names are according to the recommendations of the International Union of 
Pharmacology (IUPHAR), and the corresponding gene names are according to HUGO 
Gene Nomenclature Committee (HGNC). Kir, K2P, Kv and KCa channel members are 
according to Kubo et al. 2005, Goldstein et al. 2005, Gutman et al. 2005 and Wei et al. 
2005, respectively. 
 
Kir channels 
(2 TM) 
K2P channels 
(4 TM) 
Kv channels  
(6/7 TM) 
KCa channels 
(6/7 TM) 
Channel 
name 
Gene 
name 
Channel 
name 
Gene 
name 
Channel 
name 
Gene 
name 
Channel 
name 
Gene 
name 
Kir1.1 KCNJ1 K2P1.1 KCNK1 Kv1.1 KCNA1 KCa1.1 KCNMA1 
Kir2.1 KCNJ2 K2P2.1 KCNK2 Kv1.2 KCNA2 KCa2.1 KCNN1 
Kir2.2 KCNJ12 K2P3.1 KCNK3 Kv1.3 KCNA3 KCa2.2 KCNN2 
Kir2.3 KCNJ4 K2P4.1 KCNK4 Kv1.4 KCNA4 KCa2.3 KCNN3 
Kir2.4 KCNJ14 K2P5.1 KCNK5 Kv1.5 KCNA5 KCa3.1 KCNN4 
Kir3.1 KCNJ3 K2P6.1 KCNK6 Kv1.6 KCNA6 KCa4.1 KCNT1 
Kir3.2 KCNJ6 K2P7.1 KCNK7 Kv1.7 KCNA7 KCa4.2 KCNT2 
Kir3.3 KCNJ9 K2P9.1 KCNK9 Kv1.8 KCNA8 KCa5.1 KCNU1 
Kir3.4 KCNJ5 K2P10.1 KCNK10 Kv2.1 KCNB1   
Kir4.1 KCNJ10 K2P12.1 KCNK12 Kv2.2 KCNB2   
Kir4.2 KCNJ15 K2P13.1 KCNK13 Kv3.1 KCNC1   
Kir5.1 KCNJ16 K2P15.1 KCNK15 Kv3.2 KCNC2   
Kir6.1 KCNJ8 K2P16.1 KCNK16 Kv3.3 KCNC3   
Kir6.2 KCNJ11 K2P17.1 KCNK17 Kv3.4 KCNC4   
Kir7.1 KCNJ13 K2P18.1 KCNK18 Kv4.1 KCND1   
    Kv4.2 KCND2   
    Kv4.3 KCND3   
    Kv5.1 KCNF1   
    Kv6.1 KCNG1   
    Kv6.2 KCNG2   
    Kv6.3 KCNG3   
    Kv6.4 KCNG4   
    Kv7.1 KCNQ1   
    Kv7.2 KCNQ2   
    Kv7.3 KCNQ3   
    Kv7.4 KCNQ4   
    Kv7.5 KCNQ5   
    Kv8.1 KCNV1   
    Kv8.2 KCNV2   
    Kv9.1 KCNS1   
    Kv9.2 KCNS2   
    Kv9.3 KCNS3   
    Kv10.1 KCNH1   
    Kv10.2 KCNH5   
    Kv11.1 KCNH2   
    Kv11.2 KCNH6   
    Kv11.3 KCNH7   
    Kv12.1 KCNH8   
    Kv12.2 KCNH3   
    Kv12.3 KCNH4   
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1.5 POTASSIUM CHANNEL ACCESSORY SUBUNITS 
Numerous β-subunits interact with Kv α-subunits, modulating 
their function. These so-called ancillary subunits can modify Kv 
channel trafficking, conductance, gating, ion selectivity and 
pharmacology (for a review see Abbott et al. 2007). Even if the 
effect of the ancillary subunits on the Kv channel function is 
clear, in many cases their physiological importance is subject to 
debate. Ancillary subunits can be categorized as cytoplasmic or 
transmembrane. Cytoplasmic β-subunits include a range of Kv β 
subunits and K+ channel-interacting proteins (KCNIPs), whereas 
transmembrane β-subunits include MinK (minimal K+ channel 
subunit), MiRPs (MinK-related peptides) and K+ channel 
regulator 1 (KCR1) (Pourrier et al. 2003, Abbott et al. 2007).  
 
1.5.1 Cytoplasmic β-subunits 
Three different Kvβ subunit encoding genes (KCNAB) have 
been cloned (Pongs et al. 1999). These genes are alternatively 
spliced, leading to the formation of six different Kvβ subunits, 
Kvβ1.1, Kvβ1.2, Kvβ1.3, Kvβ2, Kvβ3.1 and Kvβ3.2 (Nerbonne & 
Kass 2005). Four of them, Kvβ1.1-1.3 and Kvβ2 are expressed in 
the mammalian heart. The Kvβ subunits consist of about 400 
amino acid residues and assemble as tetramers interacting with 
the intracellular T1 tetramerization domain of the Kv α-subunits 
(Scott et al. 1994, Gulbis et al. 2000). Kvβ subunits co-assemble 
mainly with the Kv1 channels, affecting their cell surface 
expression and functional properties, but they are also known to 
interact with Kv2 and Kv4 α-subunits (Nerbonne & Kass 2005). 
The functional roles of the Kvβ subunits in the formation of 
myocardial Kv channels are still under discussion. However, it is 
known that at least Kvβ1 subunits exert some influence on the 
cell surface expression of Kv2 and Kv4 channels in cardiac 
myocytes (Aimond et al. 2005), indicating that Kvβ subunits play 
an important role in generation of myocardial Kv channels.  
KCNIPs (also known as KChIPs) form another group of the 
cytoplasmic β-subunits. Four KCNIP genes, each of which 
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produces several splice variants, have been cloned (An et al. 
2000, Pruunsild & Timmusk 2005). KCNIPs are small (about 250 
amino acids), four EF-hand-like domains containing Ca2+-
binding proteins (An et al. 2000). They enhance the cell surface 
expression and properties of neuronal and cardiac A-type Kv4 
channels (Pruunsild & Timmusk 2005) and hence regulate the 
excitability of these cells (An et al. 2000). KCNIP2 appears to be 
the only KCNIP family member which is expressed in the heart 
(Rosati et al. 2001). In the heart, KCNIP2 associates with and 
impacts the function, abundance and distribution of the Kv4 
subfamily channels that are involved in the formation of 
ventricular Ito current (Shibata et al. 2003). 
Furthermore, in some circumstances, K+ channel-associated 
protein (KChAP) is considered a Kv accessory subunit, since it 
interacts with Kv1.3, Kv2.1 and Kv4.3 channels and increases their 
current amplitude (Wible et al. 1998). In fact, KChAP is a 
chaperone, which specifically, but only transiently, interacts 
with specific potassium channels, facilitating their cell surface 
expression (Kuryshev et al. 2000). Thus, KChAP is not a 
functional β subunit. 
 
1.5.2 Transmembrane β-subunits 
MinK and MiRPs (MiRP1-4) are small integral membrane 
proteins with an extracellular N-terminus and a cytosolic C-
terminus. They interact specifically with particular Kv channels, 
modifying their conductance, gating kinetics and pharmacology 
(Barhanin et al. 1996, Sanguinetti et al. 1996, McCrossan & 
Abbott 2004). MinK, MiRP1 and MiRP2 are expressed in the 
heart (Nerbonne & Kass 2005). The co-assembly of MinK with 
the Kv7.1 channel changes the electrophysiological properties of 
the IKs current, leading to increased current amplitude, slower 
activation rate and activation at more positive membrane 
potentials (Barhanin et al. 1996, Sanguinetti et al. 1996). The 
MinK introduces properties to the Kv7.1 channel that make it 
similar to the native IKs current of the mammalian heart. This is 
why the MinK is considered to be necessary for the formation of 
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the cardiac IKs phenotype (Barhanin et al. 1996, Sanguinetti et al. 
1996).  
MiRP1 also assembles with the Kv11.1 channel and is 
assumed to be required for the formation of the cardiac IKr 
current. Gating, single channel conductance, regulation by 
potassium ions and inhibition by E-4031 of the Kv11.1 channel is 
altered by the MiRP1 (Abbott et al. 1999). The function of the 
MiRP2 in the heart is currently unknown.  
KCR1 is an integral membrane protein with 12 putative 
transmembrane domains, which is expressed in many tissues 
including the heart (Hoshi et al. 1998). It has been shown to 
interact and modulate the gating of the neuronal ether-à-go-go 
(EAG) K+ channel as well as the pharmacological properties of 
the cardiac Kv11.1 channel (Hoshi et al. 1998, Kupeshmidt et al. 
2003). However, its function as part of the native cardiac IKr 
current is not known. 
1.6 CARDIAC POTASSIUM CURRENTS 
Cardiac potassium currents are involved in the repolarization of 
the cardiac action potential, the stabilization of the resting 
membrane potential and thereby in the regulation of cardiac 
excitability. Cardiac potassium currents and their molecular 
entities have been extensively studied in the mammalian heart, 
but the cardiac ion channels/currents of ectothermic vertebrates 
have received only little attention. Several voltage-gated K+ 
currents together with inwardly rectifying K+ currents are 
involved in the generation of myocardial action potential (for 
reviews see Roden et al. 2002, Nerbonne & Kass 2005) (Table 2). 
The main potassium currents of the fish heart are IK1, IKr, IK,ATP 
and IKs (Paajanen & Vornanen 2002, Vornanen et al. 2002a, Galli 
et al. 2009, papers 1-4).  
Depending on the heart rate and species-specific 
characteristics of action potential shape, action potential 
duration and electric refractoriness, different potassium 
channels from both voltage-gated and inward rectifier families 
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are involved in the repolarization of cardiac action potential. For 
example in small rodents, having high heart rates, the rapidly 
activating and inactivating Ito current is conspicuously large, 
whereas different components of the delayed rectifier current (IK) 
are more pronounced in mammals with lower heart rates 
(Nerbonne 2000, Roden et al. 2002, Nerbonne & Kass 2005).  
Extrinsic control of the heart by hormones and the nervous 
system has a significant influence on potassium currents and 
thus on the action potential waveform. For example, 
parasympathetic stimulation slows the heart rate through IK,Ach 
current, which is activated by the binding of G-protein to the 
Kir3.1/Kir3.4 inward rectifier channels in response to 
acetylcholine release from the vagal nerve endings (Corey et al. 
1998). Beta-adrenergic stimulation enhances the IKs current via 
PKA-mediated phosphorylation (Marx et al. 2002). The 
metabolic status of the cell is linked to the action potential 
waveform by inducing IK,ATP via ATP deprivation (for reviews 
see Snyders 1999, Nerbonne & Kass 2005).  
1.6.1 The transient outward K+ current, Ito 
Ito current is formed by two functionally distinct currents, Ito,fast 
(Ito,f) and Ito,slow (Ito,s) (for reviews see Nerbonne & Kass 2005, 
Patel & Campbell 2005). Depending on the species, either Ito,f, Ito,s 
or both are expressed in the mammalian heart. These currents 
activate and inactivate rapidly, but recovery from inactivation 
takes place much more slowly in Ito,s (recovery time constant 
thousands of milliseconds) than in Ito,f (recovery time constant 
tens of milliseconds) (Patel & Campbell 2005). It is supposed 
that Ito,f is formed by Kv4.2 and/or Kv4.3 α-subunits, whereas Ito,s 
is produced by Kv1.4 α-subunits (Roden et al. 2002, Patel & 
Campbell 2005). Moreover, Kvβ subunits are probably involved 
in the regulation of Ito currents. 
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Table 2. Cardiac potassium currents, the channels behind them and their functional 
roles in mammalian species (according to Roden et al. 2002 and Katz 1992). 
 
Current Channel Functional role 
Transient outward 
current (Ito) 
Kv4.2, Kv4.3, 
Kv1.4 
Opens briefly after depolarization, 
contributes to early repolarization 
(phase 1) 
Inward rectifying 
potassium current (IK1) 
Kir2.1, Kir2.2, 
Kir2.3 
Maintains resting potential, 
contributes to late phase 3 
repolarization 
Rapid component of 
delayed rectifier 
potassium current (IKr) 
Kv11.1 Opens at end of plateau phase, 
largely responsible for phase 3 
repolarization  
Slow component of 
delayed rectifier 
potassium current (IKs) 
Kv7.1 Opens at end of plateau phase, 
largely responsible for phase 3 
repolarization 
Ultra rapid component 
of delayed rectifier 
potassium current 
(IKur) 
Kv1.5 Opens during plateau phase and is 
involved in repolarization especially 
in the atrium 
Calcium-activated 
potassium current 
(IK,Ca) 
KCa2.1, KCa2.2, 
KCa2.3 
Activated by high cytosolic calcium 
concentration, opens during calcium 
overload  
ATP-inhibited 
potassium current 
(IK,ATP) 
Kir6.2 Normally inhibited by ATP, opens in 
the energy-starved heart 
Acetylcholine-activated 
potassium channel 
(IK,Ach) 
Kir3.1, Kir3.4 Activated by vagal stimulation, 
hyperpolarizes the resting heart, 
shortens the plateau phase 
 
 
 
Ito current generates the rapid repolarization phase 1 of the 
cardiac action potential (see Fig.1). The density of Ito is 
remarkably high in the myocytes of small rodents (mice and 
rats), where it overpowers the depolarizing effect of ICa,L, leading 
to a short plateau phase: the short action potential enables high 
heart rates in these small mammals (for a review see Sah et al. 
2003). By regulating the duration of the action potential plateau 
phase, Ito modulates the size of the ICa,L and consequently the 
release of Ca2+ from the sarcoplasmic reticulum and the 
contractility of the myocytes (Sah et al. 2003). Thus far, Ito 
current has not been examined in the heart of any ectothermic 
vertebrate. The rapid repolarization phase 1 is minimal in fish, 
suggesting that Ito current may be absent from the fish heart (see 
Fig.1). 
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1.6.2 Delayed rectifier K+ current, IK 
The delayed rectifier K+ current (IK) is a prominent repolarizing 
current in mammalian cardiac myocytes. In many mammalian 
species, IK consists of several current components, which differ 
in regard to their time- and voltage-dependent properties. The 
three major delayed rectifier currents of the mammalian heart 
are IKr (rapid), IKs (slow) and IKur (ultrarapid) (for reviews see 
Roden et al. 2002, Nerbonne & Kass 2005). At least two of these, 
IKr and IKs, are also expressed in the fish heart (Vornanen et al. 
2002a, Langheinrich et al. 2003, Galli et al. 2009), Papers 3 and 4). 
Moreover, several other delayed rectifier K+ currents have been 
identified in different mammalian species and known as IK, IK,late, 
Iss, IK,slow1 and IK,slow2 (for a review see Nerbonne & Kass 2005). 
However, the nomenclature of these currents is still partly 
confusing, because currents formed by the same channel 
subunits may have distinct names in different species.  
The rapid component of the delayed rectifier current, IKr, is 
formed by the Kv11.1 α-subunits encoded by the ether-à-go-go-
related gene (ERG or KCNH2) (Warmke & Ganetzky 1994), 
which may interact with a regulatory ß-subunit MiRP1 (Abbott 
et al. 1999). However, the role of MiRP1 in the formation of the 
native cardiac IKr current is still under debate (Weerapura et al. 
2002). IKr current has complicated voltage-dependent kinetics, 
with rapid activation and inactivation and slow recovery from 
inactivation. The IKr channels are activated during the action 
potential upstroke and plateau phase. However, they rapidly 
inactivate at voltages positive to 0 mV, which greatly limits the 
amount of outward current resulting in strong inward 
rectification (Schönherr & Heinemann 1996, Smith et al. 1996, 
Spector et al. 1996). When the membrane voltage repolarizes at 
potentials negative to 0 mV during phase 3 of the action 
potential, IKr recovers from inactivation, which generates an 
outward current that further repolarizes the membrane. 
Repolarization of the membrane reduces the driving force for 
potassium efflux, which together with the deactivation of the IKr 
current, extinguishes the IKr.  
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IKs current activates very slowly after membrane 
depolarization at potentials positive to –30 mV. Because of the 
very slow activation rate, IKs current contributes to the late phase 
of action potential plateau, and its repolarizing force is rather 
small at normal heart rates (i.e. in the absence of beta-adrenergic 
tone) (Mitcheson & Sanguinetti 1999). However, IKs current 
density increases during rapid heart rates, since the deactivation 
of the current is so slow that it is not completed during the 
diastole (Jurkiewicz & Sanguinetti 1993). Thus IKs current 
accumulates at high heart rates and functions as a repolarization 
reserve to prevent excessive prolongation of action potential 
duration, in particular during the high beta-adrenergic tone. In 
the mammalian heart, IKs current is formed by Kv7.1 (also known 
as KvLQT1) α-subunits encoded by the KCNQ1 gene together 
with the ancillary β-subunit MinK (Barhanin et al. 1996, 
Sanguinetti et al. 1996). Kv7.1 is capable of forming functional 
channels alone, but co-assembly with the MinK changes the 
properties of the current to resemble native cardiac IKs more 
closely. As a consequence of MinK co-assembly, the current 
amplitude increases, activation kinetics slow down and the 
activation threshold potential shifts towards more depolarized 
membrane potentials (Barhanin et al. 1996, Sanguinetti et al. 
1996). Cardiac IKs current has not been studied in any 
ectothermic vertebrate species, although the KCNQ1 gene has 
been cloned from the spiny dogfish (Squalus acanthias) 
(Waldegger et al. 1999). Thus the properties and molecular 
composition of the cardiac IKs current of ectothermic vertebrates 
has remained unknown until now. 
IKur activates even more rapidly than IKr and displays inward 
rectification similar to IKr (Roden et al. 2002). In most species IKur 
is not expressed in the ventricle, and thus it is assumed to be 
involved in the more rapid repolarization of the atrial myocytes 
compared with the ventricular myocytes (for a review see 
Nerbonne & Kass 2005). In most species, IKur is formed by the 
Kv1.5 α-subunits (Feng et al. 1997, Fedida et al. 2003). However, 
in the dog atrium IKur is probably formed by the Kv3.1 channels 
(Yue et al. 2000). In addition, many Kvβ subunits co-assemble 
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with Kv1.5, accelerating its inactivation (Roden et al. 2002). IKur 
has not been studied in ectothermic vertebrates, and its 
existence in fish and other ectotherms is thus currently not 
known.  
1.6.3 Inward rectifier K+ current, IK1 
Cardiac inward rectifier K+ current, IK1, is a basic element of all 
atrial and ventricular myocytes, contributing to diverse 
physiological functions, including the setting of resting 
membrane potential and action potential repolarization (Roden 
et al. 2002). In mammalian species, IK1 is formed by homo- or 
heteromeric assembly of Kir2.1, Kir2.2 and Kir2.3 subunits (Wang 
et al. 1998, Zaritsky et al. 2000, Liu et al. 2001, Preisig-Müller et 
al. 2002, Schram et al. 2003). Inward rectifying potassium 
current (IK1) is named according to the property of this current 
that enables it to restrain the efflux of potassium ions. As a 
result, at membrane potentials more negative to the reversal 
potential of K+, IK1 preferentially allows the influx of K+ ions but 
restricts the outflux at more positive potentials. However, 
rectification of the Kir2 channel is not perfect, allowing a small, 
but physiologically significant outward current at depolarized 
membrane potentials. Inward rectifier currents have no voltage 
sensitive gates, but rather the inward rectification is achieved by 
voltage-dependent clogging of the Kir2 channels by intracellular 
Mg2+ ions (Matsuda et al. 1987, Vandenberg 1987) and 
polyamines (Ficker et al. 1994, Lopatin et al. 1994, Lu 2004). 
Polyamines are a heterogenic group of positively charged 
molecules that are involved in various cellular functions, such as 
growth, cell cycling and apoptosis (for reviews see Pegg & 
McCann 1982, Wallace et al. 2003). Tetravalent spermine and 
trivalent spermidine block Kir channels more effectively but 
more slowly than the divalent putrescine and Mg2+ (Lopatin et al. 
1995). The polyamine composition of the cell is thus one of the 
factors that modulate current density and properties of the IK1. 
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1.6.4 Other cardiac K+ currents  
ATP sensitive K+ current (IK,ATP) is formed by the coassembly of 
inwardly rectifying K+ channel (Kir6.1 or Kir6.2) and an accessory 
subunit, the sulphonylurea receptor (SUR1, SUR2A or SUR2B) 
(Inagaki et al. 1995, Clement et al. 1997). Moreover, a novel Kir6 
isoform, Kir6.3, has been cloned from zebrafish and shown to be 
expressed in brain (Zhang et al. 2006). In heart IK,ATP is formed 
by Kir6.2 and SUR2A (Inagaki et al. 1996, Lorenz & Tertzic 1999). 
ATP-sensitive potassium channels are opened by depressed 
intracellular ATP concentration leading to K+ efflux that 
shortens action potential duration and limits potentially 
damaging cytosolic Ca2+ loading (for a review see Alekseev et al. 
2005). Cardiac IK,ATP has been associated with severe stress states, 
such as hypoxia and ischemia, as a defense mechanism to 
prevent structural and functional damage (for reviews see Seino 
& Miki 2003, Kane et al. 2005). Cardiac IK,ATP is present in fish, 
but it is smaller and less easily induced than in air-breathing 
vertebrates (Paajanen & Vornanen 2002).  
Acetylcoline-activated K+ current, IK,Ach is formed by the G-
protein-coupled inwardly rectifying K+ channels Kir3.1 and Kir3.4 
(for reviews see Snyders 1999, Mark & Herlitze 2009). 
Acetylcholine released by vagal stimulation activates the 
muscarinic acetylcoline receptors, resulting in the activation of 
the G-protein-coupled inwardly rectifying K+ channels (for a 
review see Mark & Herlitze 2009). Activation of the IK,Ach current 
leads to hyperpolarization of the membrane potential and 
slowing of the heart rate. IK,Ach has been described for rainbow 
trout and crucian carp atrial myocytes (Vornanen et al., Molina 
et al. 2007). 
The KCa channels are divided into three functionally distinct 
subfamilies: large-conductance, intermediate-conductance and 
small-conductance KCa channels. The small-conductance KCa 
channels, KCa2.1 (also known as SK1), KCa2.2 (SK2) and KCa2.3 
(SK3), are expressed in the heart, with differential distribution 
between the atrium and the ventricle (Xu et al. 2003, Tuteja et al. 
2005). The KCa channels are activated by high intracellular Ca2+ 
concentration. In the heart, IK,Ca is involved in membrane 
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repolarization and may have an important role in preventing 
atrial fibrillation in disease states (Xu et al. 2003, Nattel 2009).  
1.7 OBJECTIVES OF THE THESIS 
The electrical excitability of cell membrane is vital for the 
function of neurons and muscle cells and therefore must be 
maintained under changing temperature conditions in the body 
of ectothermic vertebrates. Resting membrane potential and the 
shape of action potential in cardiac myocytes are critically 
dependent on various potassium currents that are generated by 
the activity of inward rectifier and voltage-gated potassium 
channels (for reviews see Roden et al. 2002, Nerbonne & Kass 
2005). Considering the central role of potassium currents in the 
electrical excitability of cardiac myocytes, it is expected that 
adaptation and acclimation of the fish heart to temperature 
involves functional and structural plasticity of the cardiac 
potassium channels. 
The general objective of this thesis was to study the 
molecular mechanism behind the temperature-related function 
of cardiac potassium currents in two teleost species, rainbow 
trout and crucian carp, which differ in regard to their thermal 
tolerances and modes of cardiac thermal acclimation 
(compensatory vs. inverse acclimation, respectively) (for a 
review see Vornanen et al. 2002b). It was hypothesized that, due 
to the lower body temperatures of the ectotherms, the molecular 
composition of fish cardiac ion channels would differ from those 
of the mammalian heart in such a way as to allow channel 
function at low and variable temperatures. Furthermore, it was 
hypothesized that, due to the different thermal tolerances/ 
acclimation patterns of crucian carp and rainbow trout, the 
molecular basis of the potassium channel function partly differs 
between the two fish species. The molecular basis of cardiac ion 
currents has not been previously studied in fish, and therefore 
the specific aims of this thesis were: (1) to clarify the presence 
and ion channel composition of the inward rectifier (IK1) (Papers 
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1 and 2) and delayed rectifier potassium currents (IKr, IKs) in the 
fish heart (Papers 3-4), (2) to examine the effect of thermal 
acclimation on the ion channel composition of the fish heart 
(Papers 1-4) and (3) to correlate putative differences in ion 
channel composition with the temperature-dependent function 
of the potassium channels (Papers 1-4). 
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2. Synopsis of methods 
2.1 WHY BOTH ELECTROPHYSIOLOGICAL AND MOLECULAR 
METHODS? 
Electrophysiological methods have traditionally been used to 
study the function of ion channels. They give accurate data on 
the function of ion channels and can be used to record native ion 
currents directly from the living cells. They are particularly 
useful if specific activators or blockers of the ion channel are 
available. Indeed, a number of small molecular compounds with 
considerable selectivity for the main types of K+ channels have 
been identified, thus helping to dissect the contribution of 
different current systems to the electrical activity of the cardiac 
myocytes by electrophysiological methods. However, specific 
blockers/openers are not available for all K+ channel subtypes 
(e.g. Kir2 subunits), and therefore the currents generated by 
these channels cannot be separated from one another by 
electrophysiological methods. Furthermore, it is impossible to 
study the effects of many regulatory factors, such as accessory ß-
subunits, protein phosphorylation or membrane lipid 
composition, on the K+ currents by means of pure electro-
physiology. Molecular biological techniques are needed to 
examine factors of this kind.  
Basic methods of molecular biological can be used to study 
the primary structure of the channel, subunit composition and 
mRNA quantity in native tissues. However, it must be noted 
that molecular techniques can only be used for determining the 
existence of mRNA or protein in the studied channel. In order to 
be sure that the channel subunits reach the plasma membrane 
and co-assemble correctly, forming functional channels, 
electrophysiological methods are needed. In expression systems, 
the properties of cloned channels or mutated channels can be 
studied in controlled channel compositions, which requires the 
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use of both molecular and electrophysiological methods. Thus, 
much more accurate information about K+ channels and their 
functioning is achieved by combining electrophysiology and a 
range of molecular biological techniques, including controlled 
expression in vivo.  
2.2 ELECTROPHYSIOLOGICAL TECHNIQUES 
The whole cell and single channel patch clamp methods were 
used to measure the density and kinetics of K+ currents from 
enzymatically isolated cardiac myocytes and from specific cell 
lines (COS-1 and CHO) transfected with fish potassium channel 
genes. Atrial and ventricular myocytes were isolated by 
digesting the connective tissue between the myocytes with 
trypsin (10 mg/ml) and collagenase (15 mg/ml) and then 
releasing the single myocytes by cutting the heart into pieces 
and agitating with a Pasteur pipette. Enzymatic isolation is a 
common method for obtaining single cells for 
electrophysiological studies (Mitra & Morad 1985). In some 
circumstances, the enzymatic treatment, has been observed to 
affect the ion channel structure and thus also the ion current 
(Armstrong et al. 1973, Yue et al. 1996). This effect may even be 
ion channel-specific, e.g. the specific serine proteases selectively 
degrade hERG-channels (Rajamani et al. 2006), while papain 
treatment modifies the Ca2+ and K+ currents (Armstrong & 
Roberts 1998). When the proteolytic treatment is mild enough, 
the membrane structure and electrical properties are well-
preserved, indicating that the treatment has no obvious effect on 
ion channels and their functions (Mitra & Morad 1985, 
Reichenbach et al. 1990, Kaneda et al. 1998).  
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2.3 MOLECULAR TECHNIQUES 
2.3.1 Cloning 
Since neither the crucian carp nor the rainbow trout genome is 
sequenced, the potassium channel genes studied in this thesis 
have to be cloned. The cloning was performed by reverse-
transcriptase-PCR (RT-PCR) from complementary DNA (cDNA) 
synthesized from cardiac total RNA. Degenerative primers 
designed according to the known ion channel sequences of other 
species were used. Transmembrane domains share high 
similarity between species, thus the cloning was started from 
these regions and continued towards the N- and C-terminus. 
Finally, 5’- and 3’-RACE (rapid amplification of cDNA ends) 
were used to clone the UTR regions of the mRNAs. When PCR 
methods are used in cloning, the possibility of errors arising 
from the DNA-polymerase has to be taken into account. Many 
High-Fidelity DNA-polymerases generate 10-4 to 10-5 
spontaneous mutations per base pair (Tippin et al. 2004). 
However, many polymerases have an associated proofreading 
exonuclease that excises 90–99% of the misincorporated 
nucleotides (Tippin et al. 2004). To avoid DNA-polymerase-
derived errors in the cloning, DNA-polymerase with a 
proofreading enzyme was used in the experiments of this thesis. 
Moreover, sequencing directly from the PCR product was used 
as a means for confirming the sequences (Papers 3 and 4).   
A very common experimental tool in cloning is the creation 
of cDNA complementary to the mRNA of interest and using it 
in the cloning procedure. The benefits of using cDNA rather 
than genomic DNA are that it is intronless and it exactly codes 
for the protein sequence, which is not always the case with 
genomic DNA. RNA-polymerase produces a large pre-mRNA 
transcript, which is complementary to the DNA from which it is 
derived. This primary transcript is processed in the nucleus by 
capping and splicing. Many pre-mRNA molecules undergo a 
process of alternative splicing resulting in a range of mRNA 
molecules coding different proteins. Even though the intron-
exon-boundaries can be discovered from the genomic DNA 
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according to sequence, the alternative splicing sites can be 
determined only with the help of cDNA. Moreover, mRNA 
might be edited by insertion or deletion of nucleotides or by 
base modification, all leading to changes in RNA and further in 
protein sequence (Schaub & Keller 2002, Stuart & Panigrahi 
2002). mRNA editing of this kind has also been demonstrated in 
potassium channel genes (Patton et al. 1997, Seeburg & Hartner 
2003).  
2.3.2 Quantification of the mRNA-levels 
Four methods are commonly used for the quantification of 
transcript abundances: northern blotting, in situ hybridization, 
RNAse protection assay and quantitative real-time reverse 
transcription PCR (qPCR).  
In this study, we used in situ hybridization (Paper 3) and 
qPCR (Papers 1-4) to study the expression levels of cardiac 
potassium channel genes in thermally acclimated fish tissues. In 
situ hybridization is a relatively complicated method, but it is 
the only one that allows localization of gene transcripts within a 
tissue. However, it is only semiquantitative compared to other 
mRNA quantification methods.  
Because of its accuracy, high sensitivity and ease, due to the 
high level of automatization in data analysis, qPCR is becoming 
the dominant mRNA quantification method. It is the most 
sensitive mRNA quantification method, being e.g. 10,000- to 
100,000-fold more sensitive than RNase protection assay (Wong 
& Medrano 2005). We used qPCR particularly because of its 
high sensitivity. Northern blotting was also tried, but 
apparently the mRNA levels were below the detection limits, 
and the experiments never succeeded. Usually qPCR is used to 
study the relative rather than the absolute quantity of mRNA. 
Normalization is done by comparing the expression level of the 
gene under study to the abundance of a reference gene. Through 
normalization, the differences in the amount of amplifiable 
cDNA, generated by differences in the amount and quality of 
the starting material, RNA isolation and cDNA synthesis, can be 
taken into account (Bustin & Nolan 2004, Radoni'c et al. 2004). 
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The gene used as a reference gene must be selected carefully, 
because it should be transcribed at a constant rate in all tissues 
and conditions studied. However, even the expression level of 
the so-called ‘housekeeping genes’ has been found to fluctuate 
in different tissues and experimental conditions (Sarmiento et al. 
2000, Vandesompele et al. 2002, Radoni'c et al. 2004). In this 
thesis, the DnaJA2 (DnaJ subfamily A member 2) gene, coding 
for a molecular chaperone, was used as a reference gene. During 
thermal acclimation, the cardiac expression of DnaJA2 is more 
constant than e.g. the commonly used reference genes, β-actin 
and ribosomal proteins (Vornanen et al. 2005). 
Quantification of the mRNA level has been extensively used 
to specify the activity of a gene. However, there is growing 
evidence that mRNA levels do not necessarily correspond to the 
protein levels (Greenbaum et al. 2003). In addition to mRNA 
abundance, many other factors such as translation efficiency and 
protein turnover rate influence the amount of synthesized 
protein. Moreover, in the case of ion channels, the trafficking of 
proteins to the plasma membrane and appropriate protein 
assembly are factors that influence the amount of functional 
proteins. 
After translation, potassium channel peptides are targeted to 
the endoplasmic reticulum (ER), where they are folded, core-
glycosylated, tetramerized and assembled with accessory ß-
subunits to form multimeric macromolecular complexes (for a 
review see Delisle et al. 2004). Proper folding and assembly is 
important for the transport of potassium channels from ER to 
the Golgi complex, because the ER retention signals of 
misfolded proteins are recognized by quality control mechanism, 
resulting in degradation of the protein (Ma & Jan 2002). In the 
Golgi complex the potassium channels are further modified by 
glycosylation and eventually inserted into the plasma 
membrane. Because the number of functional channels in the 
plasma membrane is dependent on many factors in addition to 
gene transcripts, mRNA abundance may not always be a 
representative measure of functional ion channels. This may 
explain the differences observed between ion channel mRNA 
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levels and current densities in this thesis (Papers 1 and 3) as well 
as in other experiments (Wang et al. 1998). 
2.3.3 Gene expression studies 
The properties of cloned rainbow trout and crucian carp Kir2 
channels were studied by expressing the genes in COS-1 cells 
(immortalized kidney cells of the African green monkey), 
whereas crucian carp Kv7.1 with or without MinK were studied 
in CHO cells (Chinese hamster ovary cells). To this end the 
coding sequences of omKir2.1, omKir2.2, ccKir2.1, -2.2 and -2.5, 
ccKCNQ1 and ccKCNE1 were ligated into the cloning site of 
pcDNA3.1(zeo+) vector. The pcDNA3.1 expression vector 
contains a CMV (Cytomegalovirus) promoter that induces 
constitutive high-level expression in a wide variety of 
mammalian cell lines and can be used to study protein 
expression by transient transfection as well as by stable 
integration into the genome. The pcDNA3.1-K+ channel 
plasmids together with pEGFP-N1 plasmid were transiently 
transfected by lipofectamine to COS-1 or CHO cells to express 
and examine the properties of the potassium channels under 
study. The pEGFP-N1 plasmid produces green fluorescent 
protein in transfected cells and was used to visualize successful 
transfection of the cells. COS-1 and CHO cells were used 
because they are known not to include endogenous Kir2 and 
Kv7.1 channels, respectively, and thus are suitable for studying 
these channels electrophysiologically. 
One possible problem when studying the ion channels of 
ectothermic species in expression systems may be the lipid 
composition of the used cell line. Practically all commonly used 
cell lines are of mammalian origin. The lipid composition of 
endothermic and ectothermic animals differs, even when their 
body temperatures are similar (Hulbert & Else 1999). Because 
temperature has a remarkable effect on plasma membrane lipid 
composition, the molecular fraction of cholesterol being 
decreased and that of polyunsaturated fatty acids increased in 
the cold, differences in lipid composition may be even greater 
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between endothermic and ectothermic animals with different 
body temperatures.  
Because the lipid composition of the plasma membrane 
affects the conformation and function of ion channels (Tillman & 
Cascio 2003, Boland & Drzewiecki 2008), it is possible that 
channel function in expression systems differs in some respects 
from that in the cardiac myocytes of the fish heart. Actually, the 
sensitivities of fish Kir2 channels to Ba2+ differ between native 
fish cardiac myocytes and expression cell lines as well as 
between different cell lines (COS-1 and HEK-293) (Pekurinen & 
Paajanen 2009). However, the single channel conductances and 
Ba-sensitivities of ccKir2 channels in native cells and expression 
systems are quite similar, suggesting that a lipid environment is 
not a major determinant of channel function. In addition to the 
plasma membrane composition, many cellular factors that 
regulate ion channel function may differ between native fish 
cells and expression cell lines. In the case of Kir2 channels one 
such important thing is the polyamine composition and 
concentration of the cells. Irrespective of these limitations, gene 
expression studies are invaluable for determining and 
comparing the properties of different ion channels and the effect 
of various factors, such as channel openers, blockers and 
accessory β-subunits on them.   
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3. Synopsis of results 
3.1 THERMAL DEPENDENCE AND MOLECULAR COMPOSITION 
OF FISH CARDIAC IK1 CURRENT (PAPERS 1 AND 2) 
Cardiac IK1 current determines resting membrane potential and 
contributes to the late phase 3 repolarization of the action 
potential. It thus maintains the negative resting membrane 
potential, contributing to the regulation of myocyte excitability 
and action potential duration. In the mammalian heart, the IK1 
current is formed by homo- or heterotetrameric channels 
consisting of Kir2.1-2.3 subunits. Of the mammalian Kir2 
subunits, the fish heart expresses Kir2.1 and Kir2.2 channels, but 
not Kir2.3 (Papers 1 and 2).  
The most significant result of these experiments was the 
finding of a novel Kir2 channel in the crucian carp heart (Paper 
2), which increases the number of known Kir2 channels in 
vertebrates from four to five. Furthermore, this new member of 
the Kir2 family (ccKir2.5) is physiologically very interesting 
because it is strongly temperature-responsive (Paper 2). The 
ccKir2.5 was electrophysiologically characterized in COS-1 cells. 
Comparison of the Kir2.5 with Kir2.1 and Kir2.2 channels 
indicated some similarity to Kir2.2 channels, but also distinct 
differences. The Ba2+ sensitivity of ccKir2.5 was similar to the Ba2+ 
sensitivity of ccKir2.2 (IC50 2.43 ± 0.37 and 3.48 ± 0.90 µM, 
respectively), but almost 10 times higher than that of ccKir2.1 
(22.25 ± 5.37 µM). CcKir2.5 also rectified much more strongly 
than did ccKir2.1. In addition, the single channel properties 
(single channel conductance and mean open time) of ccKir2.5 
were closer to those of ccKir2.2 than those of ccKir2.1. Moreover, 
in the phylogenetic analysis ccKir2.2 and ccKir2.5 shared a 
common ancestor, suggesting that ccKir2.5 might have 
differentiated from the duplicated Kir2.2 channel gene.  
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Table 3. The relative proportions of different Kir2 subunits in thermally acclimated 
rainbow trout and crucian carp cardiac chambers. CA, cold-acclimated; WA, warm-
acclimated; atr, atrium; ve, ventricle 
 
 
Rainbow trout Crucian carp 
 
omKir2.1 
(%) 
omKir2.2 
(%) 
ccKir2.1 
(%) 
ccKir2.2 
(%) 
ccKir2.5 
(%) 
CA atr 70.9±4.5 29.1±4.5 0.3±0.1 40.5±2.1 59.1±2.1 
CA ve 87.5±1.3 12.5±1.3 0.8±0.3 33.7±3.3 65.6±3.2 
WA  atr 60.7±5.1 39.3±5.1 0.2±0.0 83.6±1.6 16.2±1.7 
WA ve 83.0±3.3 17.0±3.3 0.6±0.1 77.6±1.7 21.7±1.7 
 
 
 
The subunit composition of the Kir2 channels determined by 
the mRNA levels and electrophysiological properties of the 
native currents differed between rainbow trout and crucian carp. 
Trout expresses Kir2.1 and Kir2.2 channels, while crucian carp 
expresses Kir2.1, Kir2.2 and Kir2.5. Kir2.1 is the dominant subunit 
in the trout heart and the least expressed isoform in the carp 
heart (Table 3).  
The responses of the IK1 current to thermal acclimation 
differed between the two fish species, current density 
decreasing in the rainbow trout (Paper 1) and increasing in the 
crucian carp heart (Paper 2) during cold-acclimation. In both 
species, the total abundance of Kir2 mRNAs was not changed by 
thermal acclimation, suggesting that the changes in IK1 current 
density are not achieved by changing the channel density in the 
plasma membrane. On the other hand, both gene transcription 
and electrophysiological studies indicate that the subunit 
composition is changed by thermal acclimation. 
Gene transcription studies in the crucian carp heart indicated 
a dramatic temperature-dependent shift in Kir2 subunit 
composition. In cold-acclimation, the expression of the Kir2.5 
channels was strongly up-regulated, with a concomitant and 
equally extensive decrease in Kir2.2 subunits (Paper 2). 
Electrophysiological experiments suggest that this shift in 
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subunit composition could increase IK1 current due to the larger 
single channel conductance and higher open probability of 
ccKir2.5 than ccKir2.2. However, even if the change in Kir2 
subunit composition is assumed to play the major role in 
thermal acclimation-induced changes in crucian carp cardiac IK1 
current, some other mechanisms must be involved. Rectification 
of cardiac IK1 current in cold-acclimated crucian carp was 
weaker than would be expected on the basis of the high ccKir2.5 
expression, suggesting that some factors, such as polyamine 
concentration or composition, affecting rectification are 
involved in temperature-dependent regulation of IK1 current. 
In the rainbow trout heart, mRNA expression changes were 
not as dramatic as in crucian carp. However, also in rainbow 
trout the relative proportion of Kir2.2 transcripts was increased 
during warm-acclimation. Furthermore, electrophysiological 
experiments suggest that the increase in Kir2.2 channels in 
warm-acclimated trout is, in fact, greater than suggested by the 
transcript changes. OmKir2.1 and omKir2.2 channels differ by 
about an order of magnitude with regard to their sensitivity to 
barium, half-maximal inhibition being 24.99 ± 7.40 and 2.88 ± 
0.42 μM for Kir2.1 and Kir2.2, respectively. The pronounced 
difference in barium sensitivity between the IK1 of cold-
acclimated and warm-acclimated trout (IC50 being 1.17 ± 0.44 
and 0.18 ± 0.42 µM, for cold-acclimated and warm-acclimated 
fish, respectively) suggests that the acclimation-induced increase 
in Kir2.2 channels is much greater than could be deduced from 
the transcript abundance (Paper 1).  
In both fish species, warm-acclimation is associated with an 
increase in Kir2.2 subunits. However, the thermal response of the 
IK1 current differs between species, increasing in trout and 
decreasing in crucian carp. This difference may be related to the 
absence of the Kir2.5 subunit in the trout heart. In cold-
acclimation, the temperature-dependent decrease in Kir2.2 
subunits cannot be compensated by up-regulation of the Kir2.5 
channels, as happens in the carp heart. 
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3.2 MOLECULAR BASIS AND ELECTROPHYSIOLOGICAL 
PROPERTIES OF IKR CURRENT IN THERMALLY ACCLIMATED 
RAINBOW TROUT (PAPER 3) 
IKr current is formed by a voltage-gated Kv11.1 channel encoded 
by an ether-à-go-go-related gene (ERG or KCNH2). The coding 
sequence for a rainbow trout ERG gene (omERG) was cloned 
from cardiac cDNA. The 3’-end of omERG cDNA showed 
remarkable sequence variation, 14 different 3’-ends being found. 
In situ hybridization indicated that omERG is expressed 
throughout the muscular tissues of the trout heart, including the 
pacemaker area.  
The temperature plasticity of rainbow trout cardiac IKr was 
examined by measuring its electrophysiological properties and 
omERG mRNA abundance. The whole cell conductance of atrial 
IKr current showed complete thermal compensation in rainbow 
trout acclimated to 4°C and 18°C. When the IKr current was 
measured at a common experimental temperature of 11°C, the 
current density in cold-acclimated trout was 1.91 times as high 
as in warm-acclimated trout, indicating a cold-acclimation-
induced increase in IKr conductance that compensates for the 
negative effect of low temperature on IKr current density. Both in 
situ hybridization and qPCR showed a higher omERG 
transcription level in the cold-acclimated than in the warm-
acclimated rainbow trout heart. These findings suggest that the 
cold-induced increase in current density is mainly produced by 
an increase in the number of Kv11.1 channels in the plasma 
membrane. Consistent with the higher atrial than ventricular IKr 
current density (Vornanen et al., 2002), the transcription of 
omERG was higher in the atrium than in the ventricle in both 
acclimation groups.  
Furthermore, the IKr current had some functional properties 
that support high IKr activity in the cold. The voltage-
dependence of steady-state activation was completely resistant 
to temperature changes, and steady-state inactivation and 
activation kinetics were only slightly affected by temperatures 
lower than 11°C. Hence, these results indicate that the thermal 
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compensation of IKr is achieved by increasing the number of 
functional channels in the plasma membrane and by the partial 
independence of Kv11.1 kinetics from the low temperature.  
3.3 IKS CURRENT AND ITS MOLECULAR DETERMINANTS IN 
CRUCIAN CARP HEART (PAPER 4) 
In the mammalian heart, the cardiac IKs current is produced by 
heteromeric assembly of Kv7.1 and MinK channels. The ancillary 
beta subunit MinK strongly affects the electrophysiological 
characteristics of the IKs and is considered to be a necessary 
component of the native cardiac channel. In this study, the 
importance of the IKs current for excitability of the crucian carp 
atrial myocytes was examined using electrophysiological and 
molecular methods.  
The cDNA sequences for Kv7.1 (ccKCNQ1) and MinK 
(ccKCNE1) were cloned from the crucian carp heart, and their 
mRNA levels were determined from thermally acclimated 
crucian carp by qPCR. Both ccKCNQ1 and ccKCNE1 were 
expressed in the atrium and the ventricle, but ccKCNE1 
abundance was only 1.6–5.0% of the ccKCNQ1 mRNA level. 
These genes were expressed in CHO cells in order to study the 
properties of the homomeric ccKv7.1 and heteromeric 
ccKv7.1/ccMinK channels.  
Comparison of the properties of the cloned channels with the 
crucian carp atrial IKs current showed that the native IKs of 
crucian carp atrial myocytes is quite similar to the 
electrophysiological characteristics of the homomeric ccKv7.1 
current in three major respects. (1) The atrial IKs current as well 
as the homomeric ccKv7.1 current showed a ‚hooked‛ tail 
current. Since the inactivation hook disappears in the co-
assembly of the Kv7.1 channels with the accessory MinK 
subunits, this finding suggests that the native delayed rectifier 
channels are formed by homomeric Kv7.1 subunits. (2) The 
native IKs current activated at a similar rate to that of the current 
of the pure ccKv7.1 channels and much faster than that of the 
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heteromeric Kv7.1/MinK channels. (3) The chromanol sensitivity 
of the IKs current was similar to the homomeric ccKv7.1 current, 
whereas the chromanol sensitivity of the heteromeric channel 
was 10 times higher.  
Collectively, these results indicate that, unlike mammalian IKs 
current, the IKs of the crucian carp atrial myocytes is mainly 
produced by the homomeric ccKv7.1 channels without the 
ancillary MinK subunit. This molecular composition is 
associated with significantly faster activation of the IKs, which is 
probably adequate to contribute action potential repolarization 
at the low body temperatures of ectothermic fish. By contrast, 
thermal acclimation had no effect on the IKs current, suggesting 
that IKs is not involved in the thermal acclimation-induced 
changes in action potential duration.   
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4. Discussion 
Environmental temperature is one of the most important 
physical factors affecting the distribution and abundance of 
ectothermic vertebrates. The body temperature of ectotherms 
varies according to the environmental temperature, which 
shows seasonal, diurnal and regional changes. Fish at north-
temperate latitudes face both chronic (seasonal) and acute (e.g. 
when passing through the thermocline) temperature changes. 
Temperature has a strong effect on metabolic rate and most 
body functions, including the pumping of the heart.  
In order to appropriately supply oxygen and nutrients to the 
cells, blood flow is tightly regulated according to the needs of 
different tissues (Webber et al. 1998). The circulation of the 
blood is determined by cardiac output, which is the product of 
heart rate and stroke volume. Stroke volume, the volume of 
blood ejected with each heartbeat, is not only dependent on 
heart size but is also affected by the end-diastolic volume of the 
ventricle(s) (i.e. the preload), arterial blood pressure (i.e. the 
afterload) and the strength of ventricular contraction (Olson & 
Farrell 2006). The force of ventricular contraction is determined 
by the contractility of the cardiac myocytes, which includes 
regulation of intracellular calcium concentration and its 
modulation by the autonomic nervous system, as well as length 
dependent changes in force generation (i.e. the Frank-Starling 
mechanism) (Shiels & White 2008). Cardiac output can be 
changed by modifying either the heart rate or any of the factors 
affecting stroke volume, although in the fish heart, changes in 
stroke volume are usually more important than changes in beat 
frequency (Farrell & Jones 1992, Shiels et al. 2002, Stecyk et al. 
2004, Satchell 2008). In the end, the pump function of the heart is, 
however, critically dependent on the electrical excitability and 
electrical activity of the cardiac myocytes. 
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The contraction of each cardiac myocyte is initiated by 
electric excitation of the cell membrane in the form of a small 
voltage change (about 0.1 volts) called the cardiac action 
potential. The cardiac myocytes are electrically connected, and 
action potential excites all the cardiac myocytes in each heart 
beat. The rate and rhythm of the heart beat and an orderly 
spread of contraction through the atrial and ventricular 
myocardium of the fish heart are determined by the conduction 
of action potential over the heart. action potential is necessary to 
maintain a constant and undisturbed pumping function of the 
heart in exercise and under the various environmental stresses 
(hypoxia, anoxia, acidosis, temperature changes) that the fish 
may encounter in the habitat. Therefore, the shape, amplitude 
and duration of the cardiac action potential vary depending on 
the environmental conditions and exercise level of the fish. 
Functionally, the different myocyte types of the fish heart 
(pacemaker cells, atrial myocytes, ventricular myocytes and 
conducting cells) generate different action potential shapes 
appropriate for their special functions. The cardiac action 
potential is produced by orderly opening and closing of 
sarcolemmal ion channels, ion-specific pores of the cell 
membrane, which allow the carriage of electric charges mainly 
by sodium, potassium and calcium ions.  
Considering the high sensitivity of the endothermic heart to 
arrhythmias in hypothermia and fever, it is surprising that the 
hearts of ectothermic fish function properly over a wide range of 
temperatures. The robustness of cardiac function over an 
extensive temperature range requires that the electrical activity 
of the heart allow adequate membrane excitability in different 
thermal conditions, but still ensure electrical stability (i.e. 
prevent arrhythmias) under acute and chronic temperature 
changes. In the fish heart, prolonged exposure to increasing or 
decreasing temperatures often induces changes in action 
potential shape and underlying ion currents in order to alleviate 
temperature-dependent changes in action potential duration 
and to maintain stable resting membrane potential (Haverinen 
and Vornanen, 2009).The potassium channels play a central role 
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in the excitability of cardiac myocytes, by maintaining resting 
membrane potential and regulating action potential duration 
under different temperature regimes. 
Physiological responses in fish to sustained temperature 
changes are often such that they tend to maintain body 
functions relatively independent of temperature. This kind of 
temperature response is called compensatory thermal 
acclimation (Prosser 1973). For example, in the cold-active 
rainbow trout, acclimation to low temperature increases relative 
cardiac mass (Graham & Farrell 1989), rates of atrial and 
ventricular contraction and heart rate (Aho & Vornanen 1999, 
2001).  
Under certain environmental conditions compensatory 
thermal acclimation is not beneficial for the animal and could 
even be detrimental if the compensatory changes cannot be 
supported by adequate energy supply. At north-temperate 
latitudes, many small lakes and ponds become anoxic in winter, 
which makes efficient aerobic energy production impossible. 
Under these conditions non-compensatory or inverse thermal 
acclimation is more appropriate than compensatory responses. 
Indeed, in the cold-dormant crucian carp, temperature-
dependent changes in heart function are in several respects 
different from those of the rainbow trout. In crucian carp, the 
relative heart size is not affected by thermal acclimation (Tiitu & 
Vornanen 2001) and the rate of contraction as well as the heart 
rate decreases in cold conditions (Matikainen & Vornanen 1992).  
Thermal acclimation-dependent changes in heart rate are 
achieved by altering the pacemaker mechanism (Haverinen & 
Vornanen 2007). The duration of cardiac action potential is 
adjusted to the heart rate by changing the densities of Na+, Ca2+ 
and K+ currents involved in action potential formation in cardiac 
myocytes (Vornanen et al. 2002a, Haverinen & Vornanen 2004, 
2009, Papers 1, 2 and 3).  
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4.1 ACTION POTENTIAL REPOLARIZATION IN FISH HEART 
Repolarization of the cardiac action potential is mainly but not 
exclusively achieved by outward flow of potassium ions from 
the cytosol to the extracellular space through potassium-
selective ion channels. In a depolarized cell, the electrochemical 
gradient of K+ ions across the cell membrane favors an efflux of 
K+ ions, which tends to bring the membrane potential near the 
K+ equilibrium potential (about -80 mV).  
In addition to potassium currents, some other ion 
currents/transporters are also involved in action potential 
repolarization. Immediately after the depolarization, a transient 
increase in chloride permeability results in an outward chloride 
current, during which Cl- ions flow into the cell (for reviews see 
Hiraoka et al. 1998, Mulvaney et al. 2000). This Cl- current is 
tightly regulated and may play a role in the shortening of 
cardiac action potential under sympathetic stimulation (for a 
review see Mulvaney et al. 2000).  
The ATP-dependent Na+/K+ pump and the Na+/Ca2+ 
exchanger can generate small repolarizing currents. The Na+/K+ 
pump transports three potassium ions out of the cell in 
exchange for two sodium ions, resulting in the transfer of one 
positive charge out of the cell, thereby contributing a few mVs 
to the membrane potential. The Na+/Ca2+ exchanger is also 
electrogenic, transferring in the reverse mode one Ca2+ ion into 
the cell and three Na+ ions out of the cell and in the forward 
mode one Ca2+ out of the cell and three Na+ ions into the cell. 
During the cardiac action potential the exchanger usually 
changes its direction from the reversed mode at the beginning of 
the action potential to the forward mode during the plateau 
phase of the action potential (Mullins 1979, Eisner & Lederer 
1985). Thus it generates either an inward current or an outward 
current, depending on the membrane potential and intracellular 
concentrations of Na+ and Ca2+ ions. Overall, the effect of these 
additional current sources on action potential repolarization is 
minor in comparison to the operation of voltage-dependent ion 
channels.  
55 
 
The action potential waveform differs markedly in different 
fish species as well as in the myocardial cells from different 
heart regions of the same species (Haverinen & Vornanen 2009). 
The rate of action potential upstroke varies only slightly, 
whereas the repolarization and plateau phase show large 
variation between species (Nerbonne 2004). The waveform and 
duration of atrial action potential differs greatly from the action 
potential of ventricular myocytes: both the upstroke and the 
repolarization of the action potential happen faster in atrial than 
in ventricular myocytes. The faster upstroke results in faster 
impulse conduction through the atrium and the shorter action 
potential duration leads to a shorter contraction time in the 
atrium, which are important as regards the earlier contraction of 
the atrial than the ventricular myocytes and hence for the 
ventricular filling.  
The action potential waveform is a result of finely 
coordinated co-operation of the depolarizing (Na+ and Ca2+) and 
repolarizing (K+) ion channels. Several types of K+ channel with 
different opening properties exist in cardiac myocytes (for 
reviews see Roden et al. 2002, Nerbonne & Kass 2005). Thus, 
different potassium channels activate and inactivate in different 
phases of the action potential, and species-specific and regional 
differences in channel composition are seen as differential action 
potential waveforms. For example the higher IKr current density 
in atrial than in ventricular myocytes helps to shorten action 
potential duration in the atrium (Vornanen et al. 2002a, Paper 3).  
4.1.1 Phase 1 repolarization 
The depolarization phase of the cardiac action potential is 
immediately followed by a partial early repolarization, caused 
by the Ito current formed by the rapidly activating and 
inactivating K+ channels Kv1.4, Kv4.2 and Kv4.3, and channel 
composition showing species-specific (Wang et al. 1999) and 
regional (Wickenden et al. 1999) differences. Moreover, outward 
Cl- current is involved in the formation of a rapid repolarization 
phase (Mulvaney et al. 2000). The repolarizing effect of Ito 
current varies among mammalian species, being the major 
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repolarizing current in some species, such as mouse and rat 
(Roden et al. 2002), and absent in guinea pig cardiac myocytes 
(Zicha et al. 2003). In general, phase 1 repolarization is most 
prominent in species owning exceptionally high heart rate (for a 
review see Sah et al. 2003). The extent of this early repolarization 
influences the height of the plateau phase, which further affects 
the time course of the opening of other voltage-gated channels 
and thus, indirectly, the duration of the plateau phase.  
In the fish heart, phase 1 repolarization is absent or very 
small (Nemtsas et al. 2009). Resting and also maximal heart rates 
are generally lower in ectothermic than in endothermic 
vertebrates (Lillywhite et al. 1999). However, Ito current has not 
been studied in the fish heart, and it is not known whether the 
K+ and Cl- channels behind it exist in the fish heart or not. 
4.1.2 Plateau phase and phase 3 repolarization 
The long plateau phase of the cardiac action potential 
determines action potential duration in vertebrate cardiac 
myocytes. The plateau phase is produced by a balance between 
inward (depolarizing) and outward (repolarizing) currents, 
achieved mainly by the Ca2+ and K+ currents, respectively. 
During the plateau phase, the depolarizing influence of the Ca2+ 
influx slowly declines, as L-type Ca2+ channels inactivate. At the 
same time, the repolarizing K+ efflux slowly increases as the 
voltage-gated K+ channels activate. The opening kinetics of the 
voltage-gated K+ channels, together with the deactivation 
kinetics of Ca2+ channels, determine the duration of the plateau 
phase. The duration of the plateau phase is a major determinant 
for the amount of Ca2+ that diffuses from the extracellular space 
to the cytosol of the cell and thus affects EC coupling and force 
of contraction in the cardiac myocytes (Tibbits & Moyes 1992, 
Shiels et al. 2000, Vornanen et al. 2002b). 
The plateau phase ends when the K+ efflux through the 
voltage-gated delayed rectifier K+ channels exceeds the 
depolarizing power of the Ca2+ influx via L-type Ca2+ channels. 
The three major delayed rectifier potassium currents of the 
mammalian heart are IKr, IKs and IKur, all of which have distinct 
57 
 
activation and deactivation kinetics (for reviews see Roden et al. 
2002, Nerbonne & Kass 2005). The potassium channel 
composition of the myocyte and the density of these currents 
influence the plateau phase duration and the rate of final 
repolarization. In fish cardiac myocytes, IK is formed by the 
rapid component (IKr) and at least in some species by the slow 
component (IKs) of the delayed rectifier potassium current 
(Vornanen et al. 2002a, Langheinrich et al. 2003, Galli et al. 2009, 
Papers 3 and 4).  
The opening of the voltage-gated K+ channels at the end of 
the plateau phase starts the repolarization of the membrane 
potential, causing the Kir2 channels to open as Mg2+ and 
polyamines are forced out of the channel pore. As a 
consequence, the density of the IK1 increases, which results in the 
final repolarization of the action potential, bringing it to an end. 
The Kir2 channels remain open in resting myocytes, allowing a 
small K+ efflux that balances the leakage of positively charged 
ions into the cell and thus stabilizes the resting membrane 
potential near the K+ equilibrium potential (phase 4). The 
density of the IK1 at the beginning of the action potential also 
affects the electrical excitability of myocytes by opposing the 
depolarizing effect of INa, impeding the achievement of the 
threshold value of action potential generation. IK1 thus has 
several roles in the electrophysiology of cardiac myocytes: 
maintenance of the negative resting membrane potential, 
regulation of electrical excitability and action potential duration. 
4.2 EFFECTS OF THERMAL ACCLIMATION ON THE FISH 
CARDIAC POTASSIUM CURRENTS 
Temperature affects the function of ion channels, firstly by 
affecting the rate of ion diffusion through open channels, and 
secondly, by changing the rate of channel opening and closing. 
Thus the kinetics of ion channels are slowed down and the 
densities of the ion currents are decreased at low temperature, 
leading to prolongation of action potential duration and slowing 
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of the heart rate (Coyne et al. 2000). The effects of temperature 
on ion currents and further on action potential duration can be 
compensated/enhanced by modification of the ion channel 
function through thermal acclimation. The modification can be 
achieved in several ways: (1) by increasing/decreasing the 
density of the channels in the plasma membrane (Paper 3), (2) 
by altering the subunit composition of the channels (Papers 1 
and 2), (3) by co-assembly of the pore-forming α-subunit with 
accessory regulatory β-subunits (Paper 4) and/or (4) regulation 
of channel function by covalent modifications, e.g. glycosylation 
or phosphorylation.  
Potassium currents are involved in all phases of the action 
potential, including fast depolarization, which transiently 
activates the IK1. Even if depolarizing Na+ currents also undergo 
compensatory changes during thermal acclimation (Haverinen 
& Vornanen 2004), the effect of potassium currents on action 
potential duration is probably decisive, as compensatory 
changes in the density of L-type Ca2+ current are small or non-
existent (Vornanen 1998). 
4.2.1 Cardiac inward rectifying potassium current (IK1) 
In acute temperature decrease, the resting membrane potential 
is decreased (depolarized) as a result of increased membrane 
resistance, which is a consequence of diminished ion 
permeability through the ion channels (Klein & Prosser 1985). 
In cardiac myocytes resting membrane potential is 
maintained by IK1 current mediated by the Kir2 channels 
(Lopatin & Nichols 2001). In many fish species, including 
crucian carp, resting membrane potential becomes partly 
independent of temperature changes due to compensatory 
changes in the ion permeability of the Kir2 channels. In fact, the 
IK1 current is up-regulated by cold acclimation in the majority of 
the examined teleost species (Haverinen & Vornanen 2009, 
Paper 2). Moreover, it is assumed that temperature-dependent 
up-regulation of the IK1 is involved in compensatory shortening 
of action potential duration in the cold, by enhancing late phase 
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3 repolarization (Shimoni et al. 1992, Lopatin & Nichols 2001, 
Paajanen & Vornanen 2004).  
In the rainbow trout heart, IK1 current is, however, 
suppressed in the cold, which means that IK1 cannot be involved 
in thermal acclimation-dependent shortening of action potential 
duration in this species (Vornanen et al. 2002a, Haverinen & 
Vornanen 2009, Paper 1). On the other hand, the reduced IK1 
current leads to increased membrane resistance, which increases 
the excitability of the membrane. When IK1 is relatively small, 
less depolarizing INa current is needed to bring the membrane 
potential to the threshold of action potential generation, and in 
this way action potential is more easily excited in cold-
acclimated cardiac myocytes. Temperature-induced depression 
of IK1 may be adaptive, as it is expected to increase the ability of 
the atrial and ventricular myocytes to follow the increased 
pacing rate of the pacemaker center (trout show positive 
thermal compensation in heart rate). On the other hand, the 
reduced IK1 will make the heart more vulnerable to arrhythmias 
as smaller depolarizing stimuli from other cardiac areas could 
elicit extra beats. 
Thermal acclimation-induced changes in IK1 current were 
mainly, but not solely, achieved by changes in the Kir2-subunit 
composition, not in the total number of channels (Papers 1 and 
2). From the three Kir2 isoforms of the fish heart, Kir2.2 was up-
regulated in warm-acclimation and Kir2.5 in cold-acclimation 
(Papers 1 and 2). The enhancement of ccKir2.5 expression in the 
crucian carp heart increases IK1 current due to the higher open 
probability, mean open time and single channel conductance of 
the ccKir2.5 than of the ccKir2.2 channels (Paper 2). Interestingly, 
Kir2.5 was not found in the rainbow trout heart, indicating that 
the absence of cold-inducible Kir2.5 may explain the inverse 
thermal compensation of IK1 in rainbow trout. Thus, it is possible 
that cold-acclimation induced compensation of IK1 current 
density is dependent on the expression of Kir2.5, and only 
species having the Kir2.5 isoform and being able to express it in 
the heart are capable of increasing cardiac IK1 current in the cold. 
Evidently, in the fish heart, Kir2.5 is a cold-adapted and Kir2.2 a 
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warm-adapted Kir2 isoform, and the regulation of their 
expression has an important function in the thermal acclimation 
of cardiac IK1. It must be noted, however, that rainbow trout 
(Salmoniformes) and crucian carp (Cypriniformes) are 
phylogenetically distant species and thus, the differential Kir2 
composition may not solely be a consequence of different 
thermal acclimation strategies of these species. The importance 
of different Kir2 isoforms in the thermal dependence of fish IK1 
should be further examined in other fish species in order to 
make any generalizations about the thermal acclimation 
mechanism of IK1.  
In addition to Kir2 channel density and subunit composition, 
many other factors affect IK1 current amplitude and may 
partially account for the thermal dependence of IK1. Polyamines 
regulate rectification of the Kir2 channels, tetravalent spermine 
and trivalent spermidine blocking Kir2 channels more efficiently 
than divalent putrescine (Lopatin et al. 1995). Thus, differences 
in free polyamine concentration and/or composition between 
the cold-acclimated and warm-acclimated fish heart could 
contribute to the changes found in IK1 current density. 
Polyamines have many cellular functions, and the great majority 
of polyamines is in bound form in the nucleus and therefore not 
involved in regulation of the Kir2 channels. Currently, there is no 
good method for separating the bound polyamines from the free 
cytoplasmic polyamines, and therefore the amount and 
composition of polyamines available for Kir2 regulation cannot 
be reliably measured.  
The lipid composition of the plasma membrane also affects 
the density of the IK1 current. An increase in membrane 
cholesterol content causes a decrease in IK1 current density 
(Romanenko et al. 2002), which is achieved by silencing some of 
the cardiac Kir2 channels (Romanenko et al. 2004). Although 
modification of the cholesterol content changes the physical 
properties of the lipid bilayer, these changes do not explain the 
suppression of the Kir2 channel function. Instead, the Kir2 
channels are regulated by specific interactions with cholesterol, 
leucine 222 (numbering according to mouse Kir2.1) in the C-
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terminus of Kir2.1 being critical for cholesterol sensitivity 
(Epshtein et al. 2009). In the Kir2.1 channels of the fish heart this 
leucine residue is present, whereas in the Kir2.2 and Kir2.5 
channels there is isoleucine in this position (Papers 1 and 2). The 
substitution of isoleucine for L222 abolishes the cholesterol 
sensitivity of the Kir2.1 (Epshtein et al. 2009), which suggests 
that the Kir2.2 and Kir2.5 channels of the fish heart are not 
sensitive to cholesterol. Cholesterol-sensitive Kir2.1 is the 
principal Kir2 subunit in the rainbow trout heart, whereas 
cholesterol-insensitive Kir2.2 and Kir2.5 are dominant in crucian 
carp. These differences suggest that, in principle, the IK1 of the 
trout heart but not that of the crucian carp heart could be 
regulated by the cholesterol content of the membrane.  
In warm-acclimation, the cholesterol content of the plasma 
membrane increases, helping to maintain fluidity of the 
membrane (Robertson & Hazel 1995). If this applies to those 
membrane areas where the Kir2 channels are located, the 
inhibiting effect of cholesterol on IK1 current could increase in 
warm-acclimated fish, in particular in the rainbow trout heart, 
where this channel is abundantly expressed. Interestingly, the 
relative proportion of Kir2.1 channels decreases in warm-
acclimation, while the number of cholesterol-insensitive Kir2.2 
channels increases. The increased relative proportion of Kir2.2 at 
high temperatures may be the means by which the inhibiting 
effect of cholesterol on IK1 is avoided and the current is even 
enhanced in warm conditions.  
Plasmamembrane phospholipid, phosphatidylinositol-4,5-
bisphosphate (PIP2) regulates IK1 current by binding to Kir2 
channels and stabilizing their open state (Huang et al. 1998). 
This regulation is dependent on the same L222 residue as is the 
cholesterol regulation of the Kir2 channels, and it increases the 
affinity of the Kir2 channels to PIP2 (Du et al. 2004). Accordingly, 
the affinity of fish Kir2.1 to PIP2 should be higher than that of the 
Kir2.2 and Kir2.5 channels. Differential PIP2 concentrations in 
cold-acclimated and warm-acclimated fish could be one reason 
for the differential IK1 current densities, and changes in Kir2 
subunit composition can further enhance these effects.  
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4.2.2 Delayed rectifier potassium current (IK) 
The opening of the delayed rectifier potassium channels brings 
the plateau phase to its end by starting repolarization of the 
membrane potential. Thus, IK current has an important role in 
the regulation of the plateau phase and hence action potential 
duration. The rapid component of the delayed rectifier K+ 
current, IKr, is the main repolarizing current in fish cardiac 
myocytes. Cardiac IKr current density increases in cold-
acclimation in many fish species, leading to faster repolarization 
and compensatory shortening of action potential duration 
(Vornanen et al. 2002a, Haverinen & Vornanen 2009, Paper 3). In 
addition to IKr, the slow component of delayed rectifier, IKs, is 
expressed in at least some fish species (Paper 4). However, IKs 
current density is not changed in thermal acclimation, 
suggesting that it is not involved in thermal acclimation of the 
fish heart function (Paper 4). 
Cold acclimation increases erg mRNA abundance in both 
cardiac chambers of rainbow trout, suggesting that the increased 
cardiac IKr current density in cold-acclimation is mainly 
achieved by increasing the channel density in the plasma 
membrane (Paper 3). Similar a cold-acclimation-induced 
increase in erg mRNA level is observed in the crucian carp heart 
(M. Hassinen unpublished observations), suggesting that 
increased expression of the Kv11.1 channel may be a common 
mechanism for cold acclimation in the fish heart. In the rainbow 
trout heart, IKr is possibly the only repolarizing current that is 
up-regulated in the cold and therefore necessary for 
compensatory shortening of action potential under sustained 
cold (see 4.2.1 Cardiac inward rectifying potassium current (IK1)).  
There may be an evolutionary adaptation to low temperature 
in the primary structure of the erg channel which appears as 
low sensitivity of IKr to temperature changes (Paper 3). In the 
Kv11.1 channel, this appears in the steady-state inactivation and 
activation kinetics, which are only slightly affected by 
temperatures below +11°C (Paper 3). Whether this temperature-
independence of the Kv11.1 channel is a more common feature 
of ectothermic IKr current or not is a question that remains to be 
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resolved. Moreover, many other factors, such as glycosylation, 
phosphorylation and transportation of Kv11.1 to the membrane, 
may have some influence on the thermal acclimation-
dependence of the IKr in ectotherms.  
4.3 POTASSIUM CHANNEL COMPOSITION IN FISH CARDIAC 
MYOCYTES 
The potassium channel composition of cardiac potassium 
currents has been studied extensively in mammalian species, 
whereas very little is known about the potassium channels of 
ectothermic vertebrates. The studies of this thesis revealed many 
differences between mammals and fish as regards the potassium 
channel composition of cardiac myocytes.  
To my knowledge, Papers 1 and 2 are the first and thus far 
the only studies dealing with IK1 channel composition in 
ectothermic vertebrates. In mammals, cardiac IK1 current is 
formed by Kir2.1-2.3 channels, the subunit composition showing 
species-specific as well as regional differences (Wang et al. 1998, 
Zaritsky et al. 2000, Liu et al. 2001, Preisig-Müller et al. 2002, 
Schram et al. 2003). The molecular composition of the fish 
cardiac IK1 current is markedly different from that of 
mammalian Kir2, Kir2.1 and Kir2.2 but not Kir2.3 being expressed 
in the fish heart (Papers 1 and 2). Most interestingly, a novel Kir2 
subfamily member, Kir2.5, was found in the crucian carp heart. 
Kir2.5 was particularly strongly expressed in the cold-
acclimation crucian carp heart, suggesting an important 
function for this subunit in the thermal plasticity of the cardiac 
IK1 current (Paper 2). No orthologous gene for ccKir2.5 was found 
in mammalian gene databases, suggesting that it might be a Kir2 
isoform specific to ectothermic vertebrates.  
Since both the predicted primary protein structure and the 
functional features of ccKir2.5 were more similar to Kir2.2 than to 
Kir2.1, and since ccKir2.2 and ccKir2.5 shared a common ancestor 
in the phylogenetic analysis, ccKir2.5 is assumed to derive from 
the ccKir2.2 by means of gene duplication. This could be a result 
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of independent gene duplication or whole genome duplication. 
Fish genomes seem to be more plastic than the genomes of other 
vertebrates, because genetic changes such as nucleotide 
substitutions, polyploidization and gene duplication are more 
frequent in fish (Venkatesh 2003, Rytkönen et al. 2008). The fish 
genome duplicated about 350 million years ago, leading to the 
formation of new protein isoforms (Christoffels et al. 2004, 
Hoegg et al. 2004, Vandepoele et al. 2004). Despite the whole 
genome duplication, fish genome does not include a double 
number of genes in comparison to other vertebrates, because in 
most cases one of the daughter genes retains the ancestral 
function, whereas the other gene duplicate diverges and 
becomes non-functional through the accumulation of 
deleterious mutations (Ravi & Venkatesh 2008). In the case of 
ccKir2.2 and ccKir2.5, both daughter genes are retained, and as a 
result of an accumulation of favorable mutations in ccKir2.5, this 
channel has gained new functional properties. 
Kir2 subunit composition also differed between fish species, 
Kir2.1 being the dominant cardiac Kir2 subunit in the rainbow 
trout heart (Paper 1) but the least expressed subunit in the 
crucian carp heart (Paper 2) (Table3). Moreover, thermal 
acclimation changed the Kir2 subunit composition, so that the 
relative proportion of Kir2.2 was increased in warm-acclimated 
fish, both in rainbow trout and crucian carp. In the crucian carp 
heart, Kir2.5 was the dominant Kir2 subunit in cold-acclimated 
fish, and there was a dramatic change in Kir2 channel expression 
in warm-acclimated fish in favor of the Kir2.2 isoform. These 
findings suggest that Kir2.2 is the warm-adapted isoform and 
Kir2.5 the cold-adapted isoform of the Kir2 channels. It remains 
to be shown how this hypothesis applies to other fish species 
and more generally to other ectothermic vertebrates. 
In mammalian species, IKr current is formed by the Kv11.1 
channel encoded by the ether-à-go-go related gene (ERG) 
(Warmke & Ganetzky 1994). The Kv11.1 channel is possibly 
associated with accessory β-subunits, which modify its function. 
The association of MiRP1 with the Kv11.1 channel has been 
thought to play an important role in the formation of native IKr 
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current (Abbott et al. 1999). However, the importance of MiRP1 
in the formation of cardiac IKr current is still under debate 
(Weerapura et al. 2002). Moreover, MinK is able to co-assemble 
with Kv11.1 and increase IKr amplitude without affecting its 
gating kinetics (Yang et al. 1995, McDonald et al. 1997). In 
addition to rainbow trout, zebrafish is the only ectothermic 
vertebrate whose erg gene has been cloned (Langheinrich et al. 
2003). The inhibition or mutation of zerg induces arrhythmia 
and bradycardia, indicating that, similarly to mammals, the fish 
Kv11.1 channel regulates heart rate and rhythm (Langheinrich et 
al. 2003, Arnaout et al. 2007, Haverinen & Vornanen 2009). The 
properties of zebrafish Kv11.1 has been studied in the expression 
system and shown to conduct rapidly activating and 
inactivating potassium currents (Scholz et al. 2009). However, 
the properties of zebrafish native cardiac IKr current has not been 
studied, and thus it is impossible to know whether the 
expressed currents correspond to native current and whether 
the accessory β-subunits are involved. 
The IKs current is formed by a voltage-gated 6TM channel, 
Kv7.1 (also known as KvLQT1), which can form functional 
channels alone, but whose properties are markedly changed by 
co-assembly of the MinK β-subunit. Co-assembly of MinK is a 
prerequisite for the formation of mammalian cardiac IKs current 
(Barhanin et al. 1996, Sanguinetti et al. 1996). However, the 
properties of fish cardiac IKs revealed that MinK does not 
participate in the formation of IKs (Paper 4). The pure Kv7.1 
channels activate much faster than the currents generated by co-
assembly of Kv7.1 and MinK (Barhanin et al. 1996, Sanguinetti et 
al. 1996), Paper 4). Homomeric Kv7.1 channels are more sensitive 
to temperature changes than Kv7.1/MinK channels, the 
activation kinetics of pure Kv7.1 channels slowing down in the 
cold (Unsöld et al. 2000). It may be that in ectothermic species 
living in cold conditions, the co-assembly of MinK with Kv7.1 
would slow down the activation kinetics too much and make 
the channel inoperative. 
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4.4 CONCLUSIONS  
The potassium channel composition of the fish heart differs 
markedly from that of the mammalian heart, at least partly as an 
adaptation to the low body temperature of ectothermic fish. In 
addition, several novel molecular mechanisms of thermal 
adaptation and acclimation were found for the potassium 
channel function in fish cardiac myocytes. 
Chronic temperature-dependent changes in inward rectifier 
potassium current are largely produced by changing the subunit 
composition of the inward rectifier channels: the Kir2.5 channels 
are up-regulated in sustained cold, while the Kir2.2 channels are 
simultaneously suppressed. In particular, the novel Kir2.5 
channel seems to be strongly responsive to temperature change 
and is therefore responsible for temperature-dependent up-
regulation of IK1 in the cold. Thus, the Kir2.5 channel is the cold-
adapted isoform and the Kir2.2 channel the warm-adapted 
isoform of the Kir2 channel family. The Kir2.1 channel is also 
expressed in the fish heart, but is weakly responsive to 
temperature change. 
Only one channel isoform (omERG1) was found for the rapid 
component of the delayed rectifier, IKr. The density of the IKr is 
enhanced in chronic cold and the change is achieved by an 
increase in the number of omERG channels in both the atrial and 
the ventricular muscle of the rainbow trout heart. IKr is a large 
current in fish cardiac myocytes, and as a strong repolarizing 
current system, perhaps the main regulator of action potential 
duration under chronic temperature changes. Furthermore, IKr 
current is relatively resistant to acute temperature changes due 
to the low temperature dependence of the activation and 
inactivation kinetics. 
An interesting novel molecular mechanism for temperature 
adaptation of the slow delayed rectifier current, IKs, was found in 
the crucian carp atrial myocytes. In contrast to the heteromeric 
Kv7.1/MinK composition of the mammalian heart, homomeric 
ccKv7.1 channels are expressed in the fish heart. This endows the 
IKs current with rapid activation kinetics and thereby enables 
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this inherently slow current system to contribute to action 
potential repolarization at low temperatures. 
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